In this paper, a novel anti-windup 
Introduction
The greenhouse climate control problem is to create a favorable environment for the crop in order to reach predetermined results for high yield, high quality and low costs. Despite the advent of various advanced control techniques and related strategies for the greenhouse climate control in recent years [1] [2] [3] [4] [5] [6] [7] , proportional-integral-derivative (PID) controllers are undoubtedly still the most adopted controllers in the real-world engineering application of greenhouse production, owing to the simple architecture, easy implementation and excellent performance. Therefore, it is widely adopted in industries of process control, motor drives, automotive, fight control and instrumentation field [8] [9] . However, it is a very difficult control problem to implement in practice, due to the complexity of the greenhouse environments. For example, they are highly nonlinear, strong coupled and Multi-Input Multi-Output (MIMO) systems, and they are largely perturbed by the outside weather (wind velocity, outside temperature and humidity, etc.), and especially by many other practical constraints (actuators, moistening cycle, etc.). Among these practical constraints, actuator saturation is often a major impediment to achieving desired control performance, because the effects of this saturation nonlinearity can cause significant deterioration in the closed-loop performance and even closed-loop instability, which is naturally referred to as integrator windup when used in systems with PID controllers.
Over the past forty years, a number of anti-windup strategies and techniques have been proposed to avoid integrator windup in the literatures [10] [11] [12] [13] . Basically, the typical method to deal with the integrator windup problem is to tune the controller ignoring the actuator saturation and subsequently to add an anti-windup compensator to prevent the degradation of performance [11] . Traditionally, there are two different approaches, one is conditional integration method, in which the integration is limited or stopped when certain conditions are satisfied, and another is back-calculation, in which the difference between the saturated and the unsaturated control signal is fed back to the integral terms [12] . However, in practice, the existing anti-windup methods are not always effective to ensure the desired closed-loop performance, particularly for some highly nonlinear and strong interference complex systems like the greenhouse climate control problem.
In this paper, a modified conditional integration method is proposed for the greenhouse climate control problem. The basic principle of the proposed anti-windup scheme is illustrated as follows: (1) The integration is stopped when the actuator is saturated, and the error and the control signal have the same sign; (2) Otherwise, the integral term is limited to a variation value with changes of the error by introducing a changing integration rate into the integral term.
The remainder of this paper is organized as follows. Section 2 describes the considered greenhouse climate dynamic model and the corresponding nonlinear differential equations. Section 3 describes general PID controller and the proposed anti-windup scheme. Section 4 presents the simulations and results, and the comparison with the other traditional anti-windup scheme. Finally, a conclusion is given in Section 5.
Description and Problem Formulation

Greenhouse Dynamic Model
The greenhouse environment is a complex dynamical system. Over the past decades, people have gained a considerable understanding of greenhouse climate dynamics, and many methods describing the dynamic process of greenhouse climate have been proposed. Traditionally, there are two different approaches to describe it, one is based on energy and mass flows equations describing the process [14] [15] [16] , and another is based on the analysis of input-output data from the process by using a system identification approach [17] [18] [19] . This paper deals with the first method for inside air temperature and humidity of a greenhouse, and its physical model describes the flow and mass transfers generated by the differences in energy and mass content between the inside and outside air, or by the control or exogenous energy and mass inputs [20] . Most of the analytic models on analysis and control of the environment inside greenhouses have been based on the following state space form: In order to effectively validate the performance of the proposed algorithm below, the considered greenhouse analytic expression is based on the heating/cooling/ventilating model in this work, which can be obtained from many extant literatures [2, [21] [22] . It can be summarized in the functional block diagram given in Figure 1 . Consider the related high costs, 2 CO supply systems have not an extensive use, therefore the related variables are not taken into account in this work. To simplify the model, we consider only some primary disturbance variables, such as solar radiation, outside temperature and humidity. According to the above analysis, the state equations have been formed based on the laws of conservation of enthalpy and matter, and the dynamic behavior of the states is described by using the following differential equations [22] : It is also worth noticing that, to a first approximation, the evapotranspiration rate
is in most part related to the intercepted solar radiant energy, through the following simplified relation:
where  is an overall coefficient to account for shading and leaf area index, dimensionless and T  is the overall coefficient to account for thermodynamic constants and other factors affecting evapotranspiration (i.e., stomata, air motion, etc.) [22] .
Problem Formulation
The climate model provided above can be used in all seasons, and two variables have to be controlled namely the indoor air temperature and the humidity ratio through the processes of heating ( ) (t Q heater ), ventilation ( ) (t V R ) and fogging ( ) (t Q fog ). For summer operation in this work, ) (t Q heater is set to zero. The purposes of ventilation are to exhaust moist air and to replace it with outside fresh air, to control high temperatures caused by the influx of solar radiation, to dehumidify the greenhouse air when the humidity of the outside air is very low, to provide uniform air flow throughout the entire greenhouse, and to maintain acceptable levels of gas concentration in the greenhouse.
Fogging systems (such as misters, fog units, or roof sprinklers) are primarily used for humidification of the greenhouse. In fact, fogging system also plays a cooling role due to evaporative cooling. Moreover, fresh air must be continually ventilated into the greenhouse, while warmed and humidified air to be exhausted. When humidifying is occurred under sunny conditions, ventilation is necessary since the greenhouse would soon become a steam bath without providing fresh dry air.
In 
Due to the complexity appearing as the cross-product terms between control and disturbance variables, equations (4) and (5) are obviously coupled nonlinear equations, which cannot be put into the rather familiar form of an affine analytic nonlinear system.
Design of Anti-windup PID Controller for Greenhouse Climate System
General PID Controller
A typical structure of a general PID controller involves three separate elements: the proportional, integral and derivative values. The proportional value determines the reaction to the current error, the integral value determines the reaction based on the sum of recent errors, and the derivative value determines the reaction based on the rate at which the error has been changing. The mathematical description of its control law is generally written in the ideal form in (6) or in the parallel form in (7) 
Anti-windup Controller Design
All actuators have physical limitations, a control valve cannot be more than fully open or fully closed, a motor has limited velocity, etc. For a PID controller, the integral term sums the error ) (t e over time. The result is that the integral response will continually increase over time unless the error is zero, so that the control variable reaches the actuator limits. When this happens, the feedback loop is broken and the system runs as an open loop because the actuator will remain at its limit independently of the process output. Such case is called integrator windup. It is then required that the error has opposite sign for a long period before things return to normal. The consequence is that any controller with integral action may give large transients when the actuator saturates [12] .
Consider the main purpose of the integral term is to eliminate the residual steady-state error that occurs with a pure proportional controller during the normal PID control process, the integral action should be enhanced when the error is small, otherwise weakened. Therefore, a changing integration rate is introduced into the integral term, and it can weaken the effects of the integrator with the increasing of the error under the nominal control conditions. The proposed anti-windup controller structure block diagram is shown in Figure 2 . Besides, in order to simulate its behavior on a digital computer, we adopt a fourth-order RungeKutta method with a small enough integration step. Hence, consider a typical digital positional PID control algorithm, the corresponding control law (7) of each loop is rewritten as:
where k and s T is iterative step sampling time, respectively. 0 u is the corresponding initial value. ) (k  is the changing integration rate, by which the integral term can be adjusted in a stepless way according to the error size, defined as: 
Simulations and Results
In order to verify the efficiency and good performance of the proposed anti-windup control scheme, a series of simulations are presented in the present section. For this example, we consider a greenhouse of surface area 1000 2 m and a height of 4 m . The greenhouse has a shading screen that reduces the incident solar radiation energy by 60%. The maximum water capacity of the fog system is 26 in Figure 3 to represent external disturbances. We consider a pair of square-wave reference inputs to test its tracking performance by using two PID control loops. Indoor air temperature setpoint changes between 33 and 20℃, where the humidity ratio set-point changes between 17 and 23 g[H2O]/kg [air] (which corresponds to a relative humidity change between 60% and 76%).
To compare the performance of the proposed anti-windup method, we also adopt a called AWBT method in the experiments, which employs linear control laws with an additional feedback term involving the saturation error s u u  (refer to Ref. [10] for details). The obtained output responses for setpoint square-wave changes in temperature and humidity ratio are shown in Figure 4 , and the corresponding errors are illustrated in Figure 5 . The results from the figures show that the proposed anti-windup scheme performs well, and there is not nearly overshoot and the controlled process is smooth, while significant overshoot and strenuous oscillation occur in the AWBT method. Obviously, the propose method can achieve better closed-loop performance than the AWBT method. Tracking error of square-wave for temperature and humidity ratio Figure 6 shows the corresponding control signals of the two methods. The proposed method can provide a smoother state feedback control law than the AWBT method. Besides, the proposed antiwindup controller can return more rapidly to linear operation than the AWBT anti-windup method. 
Conclusions
In this paper, we propose a novel anti-windup scheme for the prevention of integrator saturation in PID feedback control by introducing a changing integration rate into the integral term, which can effectively weaken the effects of the integrator with the increasing of the error under the nominal control conditions. The method is easily implemented and has been successfully demonstrated in the simulation of a greenhouse climate control problem. The results show that the proposed anti-windup scheme can provide better closed-loop performance compared with the conventional AWBT method. 
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